We investigated effects of rehydration and time of sampling on solute accumulation in plants of two greenhousegrown Populus deltoides Bartr. clones (Ohio Red and Platte) subjected to multiple cycles of water stress. Osmotic potential of leaves at full turgor was measured at predawn on well-watered (control) and water-stressed (conditioned) plants that had been rewatered the previous afternoon. Water-soluble organic solutes (carbohydrates, phenolic glucosides and organic acids) were determined at both predawn and midday, before and after rewatering.
Introduction
Osmotic adjustment is often measured as the difference in osmotic potential between well-watered and water-stressed plants at the same relative water content. For this reason, osmotic potential at full turgor is the most common value reported. To obtain full turgor, detached shoots, leaves or containerized plants are rewatered the night before sampling. Osmotic potential is then measured by the pressure--volume curve method (Cheung et al. 1975) or with a thermocouple psychrometer (Jones and Rawson 1979, Gebre and Kuhns 1991) . Although the effect of rehydration on pressure--volume relationships of tree species has been studied (e.g., Parker and Pallardy 1988 , Evans et al. 1990 , Kubiske and Abrams 1991 , little is known about the effect of rehydration on solute accumulation. It is generally assumed that the solute content is unchanged by rehydration (Pallardy et al. 1991) . However, based on the observation that sugar did not accumulate in nonrewatered wheat cultivars, whereas Munns and Weir (1981) and Johnson et al. (1984) reported sugar accumulation in rehydrated wheat cultivars, Morgan (1992) recently suggested that patterns of solute accumulation can be affected by rehydration.
Studies with sorghum (Sorghum bicolor L. Moench), chickpea (Cicer arietinum L.) and wheat (Triticum aestivum L.) cultivars have indicated that osmotic adjustment can be used as a selection criterion in breeding for drought tolerance (Morgan et al. 1991 , Morgan 1992 , Basnayake et al. 1994 ). Because differences in osmotic potential, osmotic adjustment, and organic solutes have also been reported for several poplar clones (Gebre et al. 1994, Tschaplinski and Tuskan 1994) , it may be possible to use measurements of osmotic adjustment to identify drought-tolerant clones and species of poplar. However, the value of osmotic adjustment as an indicator of drought tolerance may be limited if plants display differences in solute accumulation depending on whether they are sampled before or after rehydration (Morgan 1992) .
Although diurnal variations in osmotic potentials and solute concentrations have been reported in cotton leaves (Ackerson 1981) , osmotic potentials and solute concentrations are generally measured at predawn or at midday (Morgan 1984) . However, most osmotic solutes that contribute to osmotic adjustment are photosynthetic products, thus, it is possible that sampling time will influence the type and concentration of solutes observed during recovery from water stress. For example, in sorghum, Jones and Rawson (1979) found net photosynthesis recovered fully 2--3 days after rewatering although osmotic potential of the stressed plants did not recover to control values even 6 days after rewatering. The objectives of this study were to compare organic solute accumulation in two poplar clones before and after rewatering of plants sampled at predawn and at midday, and to determine the effect of recovery from water stress on solute concentration.
Materials and methods

Plant material
Hardwood cuttings of eastern cottonwood (Populus deltoides Bartr.) clones Ohio Red and Platte were collected on March 23, 1993, and planted on April 5 in 15-liter containers as described by Gebre et al. (1994) . All plants were fertilized with 200 ppm of a 20,10,20 (N,P,K) fertilizer solution twice a week until the experiment started on June 13, at which time 35 g of slow-release fertilizer (14,14,14 N,P,K) was added to each container. Five plants per clone were assigned to each of two treatments: a well-watered (control) treatment and a water-stress treatment that involved repeated cycles of withholding water until two or more plants wilted and then watering the containers to saturation (conditioned). During the treatment period, plants were supplied with the 200 ppm soluble fertilizer once a week for well-watered plants and at the time of rewatering for the conditioned plants (after 5--8 days). Conditioned plants were not watered after July 13 (Platte, 5th dry--water cycle) and July 17 (Ohio Red, 6th dry--water cycle) until July 23 when all plants were rewatered to saturation at 1400 h. Because of clonal differences in wilting, plants were rewatered at different times and experienced different number of dry--wet cycles (5 or 6).
Organic solute analysis
On July 22, one day before sampling, leaf plastochron index (LPI) 9 was marked on all plants. On July 23, before plants were rewatered, a leaf with an LPI of 13 (with the petiole removed) was sampled from each plant at predawn for determination of organic solute concentration and another leaf (LPI 11) was sampled at midday. One leaf (LPI 14) was collected from each plant on July 24 at predawn for determination of organic solute concentration and osmotic potential. On July 24, predawn leaf water potentials of the conditioned plants were greater than −0.05 MPa, indicating full recovery from the drought treatment. Leaves with LPI 12, 15, and 10 were collected at midday during the rehydration period (July 24--26, respectively) for organic solute analysis. By the end of the sampling period (July 26), LPI 10 had become LPI 11--12 as new leaves grew. To reduce the effect of leaf age, the difference in LPI between the oldest and youngest sampled leaves was limited to 5. As a result, when a leaf was either missing or damaged by wilting or insects, it was not replaced by lower (below LPI 15) or upper (above LPI 10) leaves. This resulted in only one plant being sampled from conditioned plants of Platte at midday on July 23. The number of plants sampled is indicated in the Figures and Tables.
All sampled leaves were immediately frozen in liquid nitrogen and stored in a freezer before they were freeze-dried or used for osmotic potential determination. Organic solutes were analyzed as described by Gebre et al. (1994) , except that the midvein was removed at the time of sampling. Briefly, watersoluble carbohydrates, phenolic glucosides, and organic acids were extracted from 50 mg of dry ground leaf tissue in 2 ml of distilled deionized water by incubating the sample at 70 °C for 20 min (Tschaplinski and Blake 1989) . The extraction was repeated twice and the extracts were combined, frozen, and lyophilized. Organic solutes were determined as trimethylsilyl derivatives and analyzed with a capillary chromatograph equipped with a flame ionization detector (Shimadzu Scientific Instruments Inc., Columbia, MD). Solute accumulation was calculated from the difference in solute concentrations between conditioned and control plants.
Samples for the determination of osmotic potential were obtained as described by Gebre and Kuhns (1991) . Leaf discs (35 mm in diameter) were placed in a thermocouple cup and frozen in liquid nitrogen. Osmotic adjustment was calculated from the difference in osmotic potentials between conditioned and control plants.
Data analysis
Data were evaluated by two-and three-way analyses of variance in accordance with a general linear model for a completely randomized design using the SAS software package (SAS Institute, Inc., Cary, NC). Because of unequal replication (missing plants), the type III sums of squares option was used. The main factors were clone, water regime, sampling date (before and after rewatering), and sampling time (predawn and midday), with all factors fixed. However, analyses were limited to water × date within a sampling time, water × time within a sampling date, and water × time × date within a clone for the days and times when there was a complete set of data on July 23 and 24. Data obtained during the recovery period (July 24--26) were analyzed using clone × water × date as main factors. The PDIFF option of least squares means was used to obtain t-tests for mean comparison. Significant differences were based on P ≤ 0.05.
Results
Effect of water stress and rehydration at predawn
The Ohio Red clone showed an osmotic adjustment of 0.36 MPa and the Platte clone exhibited an osmotic adjustment of 0.52 MPa, but the predawn leaf water potential of Ohio Red was lower than that of Platte (Table 1) . The difference in the values of osmotic adjustment between clones was largely caused by the higher baseline osmotic potential in plants of the Platte clone relative to that of plants of the Ohio Red clone.
For samples collected at predawn, both before rewatering (July 23) and one day after rewatering (July 24), there were more solutes in conditioned plants than in control plants, except for salicin of Ohio Red (cf. Figures 1a and 1b, Figures  2a and 2b) . However, the concentrations of most solutes in conditioned plants of both clones were lower after rewatering than before rewatering (Figures 1a and 2a) . The decreases were significant for glucose, fructose, and total solutes of plants of the Ohio Red clone, and glucose, malic acid, mannose, and total solutes of plants of the Platte clone. The only exception was salicin, which increased after rewatering in the conditioned plants of the Platte clone (Figure 2a) .
Effect of water stress and rehydration at midday
When samples were collected at midday on both July 23 and 24, conditioned plants of Ohio Red had more malic acid, myoinositol, and total solutes than control plants (cf. Figures  1a and 1b) . Concentrations of salicin, malic acid, quinic acid, and total solutes were higher in conditioned plants than in control plants of Platte after rewatering (compare Figures 2a  and 2b ). The concentrations of malic acid and total solutes of both clones and the concentration of salicin in plants of the Platte clone remained higher in conditioned plants than in control plants throughout the recovery period (July 24--26) (Figures 3 and 4) . During recovery from the drought cycles, sucrose concentrations of conditioned plants increased by 29%--44% compared to concentrations before rewatering (Figures 3b and 4b) . In conditioned plants, glucose concentrations were lower on July 24 than on July 23 (Ohio Red), and they were lower in conditioned plants than in control plants on July 24 (both clones) and July 25 (Platte), but recovered to control values by July 26 (Figures 3a and 4a) . With the exception of glucose and total solutes, solute concentrations of control plants did not change with sampling date.
In conditioned plants, the concentration of glucose was higher at predawn than at midday both before and one day after rewatering, whereas the concentrations of sucrose, malic acid, and salicin were higher at midday than at predawn after rewatering (Figures 1 and 2) . In both clones, control plants exhibited higher solute concentrations at midday than at predawn on July 24. Total solute concentration was significantly higher at midday than at predawn for rewatered Ohio Red conditioned plants, but there was no difference in concentration when samples were collected before rewatering (Figure 1a) .
Discussion
Despite the wilting of some leaves during the last cycle (10 days without water), plants of the Platte clone maintained higher predawn leaf water potentials than plants of the Ohio Red clone (Table 1) . This difference may be explained, in part, by the morphological differences between clones. For exam- Table 1 . Predawn leaf water potentials (MPa) (before rewatering, July 23) and osmotic potentials (MPa) (after rewatering, July 24) of two P. deltoides clones that were watered daily (control) and watered after water potentials of less than −0.7 MPa were reached (conditioned). Predawn leaf water potentials after rewatering were greater than −0.05 MPa and are not included in the table. Different letters within a column for a clone indicate significant treatment differences for a variable at P ≤ 0.05. Standard errors of means are indicated in parenthesis (n = 4 except n = 3 for water potential). ) of water-soluble organic solutes for: (a) water-stressed (conditioned) and (b) well-watered (control) plants of Ohio Red sampled at predawn and at midday before watering (July 23) and after rewatering (July 24). Different letters indicate significant (P ≤ 0.05) treatment effects for a given solute (n = 5 except n = 4 for control plants and n = 3 for conditioned plants at midday on July 23). An asterisk (*) indicates a significant water stress effect for that variable within the same sampling date and time.
Ohio
ple, there were significant clonal and treatment differences in the size of individual mature leaves, although neither total leaf area nor leaf area index was determined. Based on an average of five leaves (LPI 16) per clone and treatment, Ohio Red had large leaves ranging from 159 cm 2 (conditioned) to 358 cm 2 (control): the corresponding values for Platte were 96 to 177 cm 2 (Gebre 1993) . In an earlier study, we had also found that Platte plants had lower stomatal conductance than Ohio Red plants, which may partly explain the maintenance of high leaf water potentials (Gebre and Kuhns 1993) .
In the predawn samples, solutes accounted for only about 50% of the osmotic adjustment. Furthermore, no significant differences in inorganic ions between control and conditioned plants of these two clones were observed in an earlier study (Gebre 1993) . The contribution of primary amino acids is also reported to be low in several poplar clones (Tschaplinski and Tuskan 1994) .
Rewatering conditioned plants reduced the concentrations of glucose, fructose (Ohio Red), and malic acid (Platte) in the predawn samples. Similarly, predawn samples from grasses exhibited declines in sucrose, glucose, and fructose concentrations one day after rewatering, although fructose recovered and exceeded control values two days after rewatering (Thomas 1991) . The decrease in solute concentration in response to rewatering may have been caused by increased translocation as the plants recovered from water stress. Of the solutes that we measured in predawn samples, only salicin in plants of the Platte clone showed an increase in concentration after rewatering; however, it was lower in conditioned plants than in control plants of Ohio Red regardless of rewatering. Despite the decrease in solute concentration in response to rewatering, conditioned plants had more organic solutes than control plants.
Within a sampling time, clonal differences in solute accumulation were not altered by rewatering. For example, at predawn, Platte plants accumulated 193 µmol g dw −1 more total solutes than Ohio Red before rewatering and 185 µmol g dw −1
after rewatering. When sampled at midday, Platte accumulated 128 µmol g dw −1 more total solutes than Ohio Red before rewatering and 138 µmol g dw −1 after rewatering (Figures 1 and 2 ).
Unlike samples collected at predawn, midday samples did not exhibit significant reductions in solute concentration in response to rewatering, except for quinic acid in plants of the Platte clone. The concentrations of most solutes increased from predawn to midday; however, the increase was greater in control plants than in conditioned plants and, as a result, the degree of osmotic adjustment exhibited by the conditioned plants was less at midday than at predawn (osmotic potential was not measured at midday). For example, on July 24, there was a solute accumulation (difference between conditioned and control plants) of 164 µmol g dw −1 at predawn compared to 89 µmol g dw −1 at midday, despite an increase in total solutes of 141 µmol g dw −1 of total solutes at midday compared with predawn in the conditioned Ohio Red plants. Similarly, Platte plants had 40 µmol g dw −1 more total solutes at midday than at predawn in the conditioned plants but an accumulation of 227 µmol g dw −1 at midday compared to 349 µmol g dw −1 at predawn (Figure 2) . Thus, plants that show small osmotic adjustments when sampled at predawn may not exhibit significant differences when sampled at midday. This effect may be more pronounced in a clone or species known to accumulate reducing sugars (e.g., fructose and glucose) for osmotic adjustment, because glucose and fructose were the solutes most affected by sampling time. We conclude that sampling time is ) of water-soluble organic solutes for: (a) waterstressed (conditioned) and (b) well-watered (control) plants of Platte sampled at predawn and at midday before watering (July 23) and after rewatering (July 24). Different letters indicate significant (P ≤ 0.05) treatment effects for a given solute and clone (n = 5 except n = 4 for conditioned plants on July 24 both at predawn and midday, and n = 4 for control and n = 1 for conditioned plants on July 23 at midday). An asterisk (*) indicates a significant water stress effect for that variable within the same sampling date and time. Note that the data for conditioned plants on July 23 at midday were included for comparison only and no statistical analysis was made.
an important component to be considered when investigating the role of organic solutes in drought tolerance.
Because osmotic potential usually increases with recovery from water stress (Morgan 1984) , we had hypothesized that there would be either a decrease or, if recovery was very slow, no change in solute concentration during the recovery period. Although solute concentrations measured at predawn did not change during the recovery period, this was not the case for the midday samples (Figures 3 and 4) . When recovery from water stress was followed by rewatering plants one day before each midday sampling, sucrose and fructose concentrations continued to increase and were higher than control values until the final day of sampling (July 26). Malic acid concentration also remained higher in conditioned plants than in control plants for most of the recovery period despite a sharp decline in plants of the Platte clone. This observation is similar to that of Ford and Wilson (1981) who reported continued higher sucrose and malic acid concentrations in conditioned spear grass than in well-watered plants ten days after rewatering. In contrast to the increase in sucrose and fructose concentrations, the concentration of glucose remained lower in conditioned plants than in control plants of clone Platte during recovery on July 25 and 26, although it was not significantly different for plants of the Ohio Red clone. Because higher photosynthetic rates during recovery of conditioned plants compared with well-watered plants have been reported for several species (Bennett and Sullivan 1981 , Ceulemans et al. 1983 , Gebre and Kuhns 1993 , we speculate that the trend of increasing sucrose concentration during the recovery period may be related to stimulation of photosynthesis.
In summary, rewatering conditioned plants reduced the concentrations of some major solutes. Within a sampling time, the difference in solute accumulation between clones remained the same irrespective of whether leaves were sampled before or within a day after rewatering. The contribution of specific solutes depended on time of sampling. Some solutes (e.g., glucose) increased at predawn but were unchanged or declined at midday. Similarly, although there were no significant differ- ) of water-soluble organic solutes: (a) glucose (Glu), salicin (Sal), and quinic acid (Quin) in waterstressed (conditioned) and well-watered (control) plants; (b) malic acid (Mal), fructose (Fru), and sucrose (Suc) of Platte sampled at midday before watering (July 23) and 24 h after each rewatering . Different letters on a given solute (line) indicate a significant (P ≤ 0.05) sampling date effect during the recovery (n = 5 except n = 4 for conditioned plants on July 24 and control plants on July 23, and n = 1 for conditioned plants on July 23). Note that the data for conditioned plants on July 23 were included for comparison only and no statistical analysis was made. ) of water-soluble organic solutes: (a) glucose (Glu), salicin (Sal), and quinic acid (Quin) in waterstressed (conditioned) and well-watered (control) plants; (b) malic acid (Mal), fructose (Fru), and sucrose (Suc) of Ohio Red sampled at midday before watering (July 23) and 24 h after each rewatering . Different letters on a given solute (line) indicate a significant (P ≤ 0.05) sampling date effect during the recovery (July 24--26) (n = 5 except n = 4 for control plants and n = 3 for conditioned plants on July 23).
ences in sucrose concentration between conditioned and control plants at predawn both before and a day after rewatering, sucrose concentration was significantly higher in conditioned plants than in control plants during the extended recovery period. Total solute concentration of conditioned plants at midday remained higher than control values throughout the recovery period indicating that osmotic adjustment continued for several days after full recovery of the plants.
